ABSTRACT The gas composition of the air cell in a shell egg is influenced by heating from egg washing and candling and the method of cooling and storage. This study found that N 2 gas (−122 C), CO 2 gas (−45 C), and cold air (−15 C) could be used to rapidly cool shell eggs from 47.7 C to 7 C in 30 min or less. These results suggest that the gas composition of the air cell in shell eggs can be significantly modified using N 2 cooling and CO 2 cooling.
INTRODUCTION
Current shell egg production in the US is 5.394 billion dozen per year. Of these, approximately 54% go to retail, 29% to further processing, 16% to food service, and 1.7% are exported (American Egg Board, 1997) . The egg industry adds $4 billion annually to the US economy. Even with this extensive production, practices in the shell egg industry have not changed much in the past 40 yr. However, recent interest in food safety and microbiological contamination has brought a spotlight on the shell egg industry. Over the past 20 yr there has been an increase in human illness associated with consumption of shell eggs (CDC, 1996) . In particular, the serotype Salmonella enteritidis (SE), which comprised 24.5% of all Salmonella isolates, was associated with costs from human salmonellosis ranging from $150 million to $850 million annually (USDA, 1998) . A significant number of these cases of Salmonella infections continue to be linked to raw or undercooked shell egg products. A recent survey of spent hen processing plants and shell egg breaker plants found increased levels of SE isolates (Hogue, 1997) . The SE contamination of shell eggs continues despite implementation of voluntary national SE traceback procedures and intensified efforts to educate food handlers and enforce This paper was presented as ASAE paper No. 98-6094 at the ASAE International Meeting in Orlando, FL from July 12-16, 1998. 3 To whom correspondence should be addressed: kevin_keener@ ncsu.edu.
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Commercial field studies have shown that these modifications, which take place during cryogenic cooling, can significantly reduce microbial levels and increase shelf life of shell eggs. Storage in a modified atmosphere environment further enhanced these changes. It was found that the CO 2 concentration in the air cell of a shell egg can be increased from 0.04 to 48% by CO 2 cooling and storage in a CO 2 environment. safe food handling practices. Recent information suggests that approximately 49 eggs per million are infected with SE (USDA, 1998). It has been estimated that this rate of infection results in approximately 661,000 illnesses and 391 deaths per year (USDA, 1998) .
One potential method of reducing the effect of microbiological contamination in shell eggs is using rapid cooling. Research has shown that Salmonella enteritidis growth can be significantly retarded if eggs are cooled and stored at a temperature of 7 C (Stadelman, 1995) . With this knowledge, Curtis et al. (1995) developed a patented process of cooling shell eggs with cryogenic gases. This approach was evaluated in a commercial facility in 1997 and was very successful in reducing total aerobic plate counts and improving shell egg quality (Curtis et al., 1998) . This present work is an extension of these field studies in characterizing gas exchange within shell eggs during rapid cooling with air, carbon dioxide, and nitrogen gas. Current practices in shell egg processing requires 7 to 10 d for packaged eggs to reach equilibrium when cooling from 40 or 45 C to 7 C in a refrigerated environment (Curtis et al., 1998) . Long-term storage under these conditions can result in potentially significant microbial growth, which may be a food safety concern; however, rapid cryogenic cooling techniques can cool eggs to 7 C in approximately 15 min or less. Currently, there are no commercial means available to achieve rapid cooling of shell eggs. Current legislation requires processed shell eggs to be stored at an ambient temperature not to exceed 7 C. Cryogenic cooling with N 2 gas, CO 2 gas, and air may be viable alternatives to the conventional cooling Abbreviation Key: SE = Salmonella enteritidis.
technique. However, to optimize this process, further research needs to be done on characterizing the gas exchange that occurs into and out of the egg during the rapid cooling process. This research was done to document compositional changes, verify that cryogenically cooled eggs are of satisfactory quality, and provide data for process optimization.
Commercial field studies have shown that CO 2 and N 2 in cryogenic gas cooling are effective in rapidly cooling eggs to 7 C (Curtis et al., 1998) . These results also showed a significantly reduced microbial load and growth rate during extended storage. In addition, CO 2 treatment provided an increased shelf life of greater than 2 wk and, for low-quality eggs, increased the quality from A grade to AA. The quality of a shell egg is based on Haugh units (a standard method used to measure egg albumen height for a given size egg) (USDA, 1990) . A shell egg with a Haugh unit greater than 72 is considered an AA grade (USDA, 1990). The grade enhancement from A to AA because of rapid cooling with CO 2 has an estimated value of $15 million dollars annually. This value does not include the potential to export shell eggs worldwide because of the increase in shelf life. An increase in shelf life to beyond 8 wk may allow fresh shell eggs to be shipped anywhere in the world.
Air cell gases are important to monitor because of the exchange of gases between the air cell, albumen, and outside air. Albumen quality is a function of Haugh units, which is affected by CO 2 level (Cotterill and Winter, 1955) . Therefore, during the cryogenic cooling process, significant changes occur in the air cell gases that will affect storage life, microbial levels, and Haugh units. Changes in the amount of these gases in the air cell during storage is also important.
Objectives
1. Characterize the effect of warming to 47.7 C on the gas composition of the air cell in the shell egg. 2. Characterize the gas composition in the air cell of the shell egg after warming to 47.7 C and then cryogenically cooling to 7 C with N 2 (−122 C), CO 2 (−45 C), and air (−15 C), then equilibrate in air at 7 C for 24 h. 3. Characterize the gas composition in the air cell of the shell egg after warming to 47.7 C and then cryogenically cooling to 7 C with N 2 (−122 C), CO 2 (−45 C), and air (−15 C) then equilibrate in like gases in sealed containers stored at 7 C for 24 h.
MATERIALS AND METHODS

Materials
Large, grade AA shell eggs, average age of 2 d old, all from the same flock, were produced by Hy-Line W-36 chicken hens and were provided by a commercial egg 4 Fisher Scientific Co., Springfield, NJ 07081.
processor. The eggs were provided in flats (loose pack) and were stored in a commercial refrigerator (7 C) until tested. These eggs ranged from 2 to 4 wk in storage when tested.
Methods
Each treatment consisted of 15 egg samples. The 15 eggs to be tested were placed in an incubator for 24 h at 47.9 C to produce shell eggs with elevated temperatures (47.7 C on average). A minimum 14-h incubator was determined from baseline data, but because of the need to coordinate with other ongoing experiments in the laboratory a 24-h heating period was used. This temperature is slightly higher than temperatures found in shell eggs from conventional in-line shell egg processing facilities before cooling because of washing and grading (40 to 45 C). A temperature of 47.7 C was chosen as the maximum the shell eggs might experience before cooling, based on field observations. The control eggs were heated to 47.7 C and then allowed to cool in ambient, 7 C, still air for 24 h.
Objective 1 was to characterize the effect of warming to 47.7 C on the gas composition of the air cell in the shell egg. A 1 × 3 × 15 randomized block design was used. The three treatments corresponded to no heating, heating to 47.7 C, and heating to 47.7 C then cooling for 24 h at 7 C. The heating to 47.7 C then cooling for 24 h in 7 C air was taken as the control treatment in Objectives 2 and 3.
Objective 2 was to characterize the gas composition in the air cell of the shell egg after warming to 47.7 C and then cryogenically cooling to 7 C and subsequent storage in air for 24 h. A 1 × 4 × 15 randomized block design was used with treatments consisting of cryogenic cooling using N 2 (−122 C), CO 2 (−45 C), and air (−15 C) and a control treatment consisting of natural convection cooling in 7 C air.
Objective 3 was to characterize the gas composition in the air cell of the shell egg after warming to 47.7 C, cryogenically cooling to 7 C, and then subsequent storage in like gases in sealed containers for 24 h. A 1 × 3 × 15 randomized block design was used with treatments consisting of N 2 (−122 C), CO 2 (−45 C), and a control treatment consisting of natural convection cooling in 7 C air.
A Fisher Gas Partition system model 1200 4 with two columns and a thermal conductivity detector was used for gas analyses. The first column, a ColumPak PQ, was used for CO 2 gas separation and a second 13× molecular sieve was used for further separation of other gases (N 2 , O 2 , CO, H 2 , and CH 4 ). The gas analyzer was operated at 51 C with ultra-high purity (UHP, 99.999998%) helium carrier gas at a flow rate of 9.0 mL/min. The temperature and flow rate were optimized for maximum peak separation, and gas component percentages were determined based on ratios of total areas under the curves. A calibration was done on the initial system and a verification was performed every 2 wk using a National Welders Supply Co. 5 calibration gas mixture of 71.84% N 2 , 15.00% CO 2 , 8.12% CO, and 5.04% O 2 .
A Fisher GP1200 septum 4 was glued on the blunt end of the egg (location of air cell) to form a gas-tight seal during sampling. A 1.0-ml sample lock, gas-tight syringe 6 with a 22-ga point style 3 (blunt) needle was purged with UHP helium and was inserted into the air cell, and 0.5 ml of gas at standard temperature (20 C) and pressure (101.3 kPa) was removed. The location of the air cell was determined using a candling light. The air cell in an average large egg was measured to be about 1.58 mL at standard temperature (20 C) and pressure (101.3 kPa). This volume was found by placing the egg in a vertical position with the air cell located on top. Water was injected into the air cell using a 22-ga point style 3 needle on a 2.00-mL tuberculin syringe until it was completely filled. The volume displaced in the syringe was the assumed air cell volume. The air cell was completely filled when water was first observed starting to leak out around the needle.
The modified atmosphere samples were cryogenically cooled. After cooling, each egg was placed in a 258-mL glass jar with a gas-tight seal. The jars were at room temperature, and each was flushed for approximately 8 s with commercial grade N 2 or CO 2 to match the cooling gas treatment immediately before loading the sample and sealing. The jars were then placed into the refrigerator at 7 C for 24 h for equilibration. The control eggs were equilibrated in the same refrigerator. After the 24-h equilibration, a 1.0-mL gas sample was taken from the jar through a septum in the lid of the jar. Immediately following this sampling, the jar was opened, and a gas sample was taken from the air cell of the egg with the previously indicated procedure. For each treatment, five additional jars (no egg) were also gas flushed and sealed. These were indicated as control jars.
Statistical analyses on gas samples from initial tests indicated that an average from 15 individual eggs was needed to achieve a sample error of less than 5% on CO 2 measurements. The ANOVA (P < 0.05) were performed on these data to determine whether there were statistical differences between different treatments for each gas (e.g., N 2 , O 2 , and CO 2 ) (Newbold, 1988) . If statistical differences were found, a t-test comparison between each mean assuming unequal variance was performed. A 95% confidence interval was also determined for each mean. The cooling time required to reach 7 C for each gas treatment was determined experimentally: center egg temperature was measured every 2 min after cooling until an equilibrated temperature was determined. The determined cryogenic cooling times for N 2 , CO 2 , and air were 3 min, 10 s; 11 min, and 14 min, respectively, to produce an equilibrated egg temperature of 7 C after approximately 30 min or less equilibration time.
5
National Welders Supply Co. Inc., Raleigh, NC 27604. 6 Hamilton, Co., Reno, NV 85901.
RESULTS AND DISCUSSION
The first part of this study examined the effect of heating to 47.7 C on the gas composition of the air cell in the egg. Figure 1 summarizes these results. There was no difference in O 2 or N 2 gas levels in any treatment. The CO 2 levels were lower in eggs that were heated then cooled (0.04%) than in eggs with no heat (0.08%) or heat (0.065%). The size of the air cell was 1.58 mL before heating, 1.59 mL after heating, and increased to 1.65 mL after cooling. This slight increase is probably due to moisture loss, which suggests that CO 2 gas levels are more sensitive to either heat or moisture than either N 2 or O 2 in the air cell. The gas composition of the air in the refrigerator was 78.4% N 2 , 20.66% O 2 , and 0.055% CO 2 .
The effect of the three rapid cooling methods on the gas composition in the air cells after a 24-h equilibration in refrigerated air at 7 C is shown in Figure 2 . The cooling method affected the amount of N 2 and O 2 present in the air cell. The CO 2 level also varied with cooling method and was greatest in the CO 2 -cooled eggs (0.13%), second highest in the N 2 -cooled eggs (0.082%), and the same in the air-cooled and control eggs (0.05%). There was no difference in the gas composition of the air cell in the rapidly air-cooled and the control eggs. These results suggest that the method of cooling does affect the gas composition in the air cell of the egg.
To follow up on these results, Objective 3 was proposed. The eggs were rapidly cooled using CO 2 gas and N 2 gas and then placed in sealed glass jars that had been flushed with pure N 2 or CO 2 gas and stored for 24 h at 7 C. These results are shown in Figures 3 and 4 for the N 2 cooling and CO 2 cooling, respectively. In examining the N 2 cooling, it is not surprising that the N 2 levels in the egg and control were lower than the jar or control jar (no egg). This finding suggests that the air cell of the egg absorbed only a small amount of the available N 2 , which increased from 78.4% (control) to 84%. The sealed jar contained 93% N 2 . The O 2 level results were just the opposite; the concentration was greater in the control (21%) than in the air cell of the egg (16%), and the air cell in the egg was greater than the jar (10.1%) or control jar (9.5%). These results suggest that the air cell of the egg maintained most of its initial gas composition after cooling and equilibration with N 2 . The CO 2 levels from N 2 cooling indicated that the greatest level of CO 2 was in the air cell of the egg (0.081%) compared with the control (0.04%) or the jar (0.022%). There was no measurable CO 2 present in the N 2 control jar. These results suggest that the air cell in the egg might gain CO 2 during rapid cooling in nitrogen from the surrounding environment, although this seems highly unlikely. The CO 2 gas level during nitrogen cooling was not detectable (less than 0.01%). It could also be possible that the egg respired during the 24-h of storage in N 2 . This result is possible based on the measured increase in CO 2 levels in the jar at 24 h; by assuming a 60-g egg, the evolution rate was estimated to be 8 mg CO 2 /kg/h. A third possibility is the loss of CO 2 from the albumen into the air cell. Further research is FIGURE 1. The effect of heating on the gas composition of the air cell in shell eggs. A t-test unequal sample variance comparison was performed on the data. Sequential letters are used to group statistically equivalent means (P < 0.05). A 95% confidence interval is also shown for each mean.
underway to quantify the evolution rates for different cooling treatments and examine the changes in CO 2 in the albumen.
The results of rapid cooling with CO 2 and storing in a CO 2 environment for 24 h indicates that the nitrogen level in the air cell is greater than the level in the jar. It is also interesting that the N 2 and O 2 levels in the air cell of the egg are greater than either the jar or the control, which suggests that the air cell of the egg retained some of the FIGURE 2. Gas composition of the air cell in shell eggs after rapid cooling from 47.7 C to 7 C with cryogenic gases and storing at 7 C for 24 h in air. A t-test unequal sample variance comparison was performed. Sequential letters are used to group statistically equivalent means (P < 0.05). A 95% confidence interval is also shown for each mean. N 2 and O 2 present initially in the egg after CO 2 cooling and storage. In addition, these results suggest that CO 2 levels can be increased from 0.04 to 48% in the air cell of the egg.
The gas composition in the air cell of a shell egg is influenced by heating and the method of cooling and storage. This study found that N 2 (−122 C), CO 2 (−45 C), and air (−15 C) could be used to rapidly cool shell eggs from 47.7 to 7 C in 15 min or less. These results suggest FIGURE 3. Gas composition of the air cell in shell eggs after rapid cooling from 47.7 C to 7 C using N 2 gas and stored at 7 C for 24 h in a sealed nitrogen flushed jar. A t-test unequal sample variance comparison was performed. Sequential letters are used to group statistically equivalent means (P < 0.05). A 95% confidence interval is also shown for each mean. that the gas composition of the air cell in shell eggs can be significantly altered using N 2 and CO 2 cooling. Storage in a modified atmosphere environment further enhanced these changes. One interesting fact from this research is that we could increase the CO 2 concentration in the air cell of a shell egg significantly by CO 2 cooling and storage in a CO 2 environment. Future work will seek to quantify gas exchange rates and identify transport mechanisms responsible for this large mass transfer during cryogenic cooling and storage of CO 2 within the egg.
FIGURE 4. Gas composition of the air cell in shell eggs after rapid cooling from 47.7 C to 7 C using CO 2 gas and storing at 7 C for 24 h in a sealed CO 2 flushed jar. A t-test unequal sample variance comparison was performed. Sequential letters are used to group statistically equivalent means (P < 0.05). A 95% confidence interval is also shown for each mean.
